This paper presents the first dissociative recombination (DR) measurement of electrons with rotationally and vibrationally cold H 3 + ions. A dc discharge pinhole supersonic jet source was developed and characterized using infrared cavity ringdown spectroscopy before installation on the CRYRING ion storage ring for the DR measurements. Rotational state distributions ͑T rot ϳ 30 K͒ produced using the source were comparable to those in the diffuse interstellar medium. Our measurement of the electron energy dependence of the DR cross section showed resonances not clearly seen in experiments using rotationally hot ions, and allowed calculation of the thermal DR rate coefficient for ions at interstellar temperatures, ␣ DR ͑23 K͒ = 2.6ϫ 10 −7 cm 3 s −1 . This value is in general agreement with recent theoretical predictions by Kokoouline and Greene [Phys. Rev. A 68, 012703 (2003)]. The branching fractions of the two breakup channels, H+H+H and H+H 2 , have also been measured for rotationally and vibrationally cold H 3 + .
I. INTRODUCTION
The simplest polyatomic ion, H 3 + , has provided a constant intellectual challenge to experimentalists and theoreticians since its discovery by Thomson in 1911 [1] . Its importance as a dominant species in hydrogen plasmas was recognized early [2] . Upon ionization of molecular hydrogen, H 2 + reacts readily with the more abundant neutral H 2 in the exothermic ͑1.7 eV͒ reaction [3] H 2 +H 2 + → H 3 + + H. The large cross section [4] and high exothermicity [5] of this reaction, together with the widespread abundance of H 2 , led Martin et al. in 1961 to postulate that H 3 + could be present in interstellar space [6] . In 1973, Watson [7] and, independently, Herbst and Klemperer [8] , suggested that H 3 + could initiate ionneutral reactions that would lead to the formation of the many molecules observed in dense interstellar clouds by radio and millimeter wave astronomy. These ideas provided the groundwork for understanding dense cloud chemistry through the proton transfer reaction H 3 + + X → HX + +H 2 , where X can be almost any atom or molecule. The high reactivity of H 3 + is due to the relatively low proton affinity ͑4.5 eV͒ of molecular hydrogen, and the associated rapid proton transfer distinguishes it as the "universal protonator." Interstellar H 3 + was first detected spectroscopically in 1996 by Geballe and Oka [9] in the dense cloud sources W33A and AFGL 2136. Subsequently, a survey [10] of dense molecular clouds ͑n ϳ 10 3 -10 5 cm −3 ͒ demonstrated the use of H 3 + as a probe of the path length, density, and temperature of these clouds, and confirmed the general picture of ionneutral chemistry. In contrast, the discovery of H 3 + in diffuse interstellar clouds ͑n ϳ 10-10 3 cm −3 ͒ by McCall et al. in 1998 [11] was completely unexpected. Similar column densities were observed for both environments, which was quite surprising, given the high electron concentration and the efficiency of DR in the diffuse interstellar medium. The understanding of diffuse cloud chemistry to that point gave esti-*Present address: Department of Chemistry, School of Chemical mates of the H 3 + number density that were far too low to account for the observed column density [12] , prompting many to speculate that the adopted laboratory value ͑ϳ2 ϫ 10 −7 cm 3 s −1 ͒ of the DR rate was incorrect, or inapplicable under interstellar conditions.
In fact, laboratory determinations of the H 3 + DR rate have been controversial for some time, as has been reviewed by Oka [13] , by Larsson [14] , and by Plasil et al. [15] The earliest measurements of the DR rate in the early 1950s gave values of a few ϫ10 −6 cm 3 s −1 at 300 K, whereas a series of measurements in the 1970s using different techniques (e.g., Leu et al. [16] ) generally agreed on a thermal DR rate coefficient ͑␣ DR ͒ of ϳ2 ϫ 10 −7 cm 3 s −1 . This agreement persisted until 1984, when Smith and Adams [17] reported that their flowing afterglow Langmuir probe (FALP) measurements did not show any DR of H 3 + , with an upper limit of ␣ DR Ͻ 2 ϫ 10 −8 cm 3 s −1 . In 1989, Adams and Smith [18] lowered their upper limit to 10 −11 cm 3 s −1 , and much of the community accepted a low value of ␣ DR -even the models of diffuse interstellar clouds were changed [19] , predicting large quantities of H 3 + due to the presumed inefficiency of its destruction.
The tide turned back to high values of the DR rate in 1990, when Amano [20, 21] utilized infrared absorption spectroscopy to directly probe the loss of H 3 + in its lowest vibrational level, finding a (rotationally averaged) value of ␣ DR ϳ 1.8ϫ 10 −7 cm 3 s −1 at 273 K. Since that time, there has been about a one order of magnitude range of values from FALP measurements, in the range 0.2-2 ϫ 10 −7 cm 3 s −1 . In 1994, the first measurement of H 3 + DR using the storage ring technique was made at CRYRING [22] (Stockholm, Sweden), and yielded a value of 1.15ϫ 10 −7 cm 3 s −1 at 300 K. Subsequent storage ring experiments at TARN II [23] (Tokyo, Japan) and ASTRID [24] (Aarhus, Denmark) agreed with the CRYRING results within the combined error bars. While the storage ring measurements are in general agreement with the upper end of the FALP results, a new controversy has erupted as a result of recent stationary afterglow measurements [25] that claim an unusual pressure dependence of the DR rate, set an upper limit of 4 ϫ 10 −9 cm 3 s −1 , and are in clear disagreement with all other experiments. The reason(s) for the disagreement among the FALP results, and between the stationary afterglow results and the other measurements, are still very much unclear. Nevertheless, the recent consensus is that the higher value reestablished by Amano and confirmed by all the storage ring measurements (as well as some of the FALP studies) is likely to be correct.
A major advantage of storage ring experiments over other techniques is that the long storage times involved ensure that ions have time to relax to the lowest vibrational level before measurements are performed. Recent experiments [26] These observations, coupled with the importance of the DR process in the interstellar medium, prompted us to undertake the present study of H 3 + DR using a source that produces rotationally cold ions, with a distribution similar to that in the interstellar medium. A preliminary report on the results of this experiment has appeared elsewhere [31] ; in this paper we describe the experiment and data analysis in more detail.
II. EXPERIMENT

A. Ion source and spectroscopic characterization
The key advance in the present experiment was the development of a supersonic expansion ion source that produces rotationally cold H 3 + ions. This source was developed and spectroscopically characterized at the University of California, Berkeley, before being used for DR measurements at the CRYRING ion storage ring at the Manne Siegbahn Laboratory in Stockholm, Sweden. As can be seen in the cross section of the source in Fig. 1 , the source consists of a 500 m circular pinhole through which hydrogen gas at a pressure of ϳ2 atm is expanded into a chamber evacuated by a high throughput pumping system. A solenoid valve (General Valve, Series 9) actuates the poppet, allowing the gas to be pulsed, with typically a ϳ400 s pulse gate width and a repetition of Ͻ1 Hz (at CRYRING) or 50 Hz (at Berkeley). Performance of the source was not affected for pulse lengths from 350 s to at least several milliseconds. The pulse length was limited by the maximum safe duty cycle ͑ϳ1%͒ of the source driver used at CRYRING. The short pulse limit reflected the turn-on time of the gas pulse, as poor shot-to- shot stability in gas throughput (as monitored by peak chamber pressure fluctuations) was observed for pulse widths below ϳ300 s. The lower time limit for stable operation was a function of the driving voltage on the solenoid valve; a value of 300 V seemed to provide good valve performance for the pulse lengths used in these studies. As the gas expands through the pinhole, it is ionized in a discharge maintained by a dc potential ͑ജ450 V͒ maintained between the pinhole flange plate and a low-profile ring electrode. A grounded skimmer is also mounted downstream, centered on the expansion axis, in order to reduce the off-axis ion current emitted from the source without lowering the (on-axis) current delivered to the CRYRING storage ring.
The rotational state distribution of the H 3 + ions was determined using direct absorption spectroscopy in the region just beyond the ring electrode and upstream of the skimmer. The cavity ringdown spectrometer employed for the absorption measurements has been explained in detail elsewhere [32, 33] and will be described here only briefly. A 50 Hz Nd: YAG (Spectra Physics 290-50, 500 mJ/ pulse at 532 nm) pumped dye laser (Lambda Physik FL3002E) was used to generate tunable pulsed visible radiation which was then shifted by three Stokes shifts in a multipass cell containing 14 atm of H 2 gas to produce up to 0.5 mJ/ pulse of tunable IR light. The dye laser was operated with an intracavity etalon, which narrowed the laser emission bandwidth from 0.2 cm −1 to 0.04 cm −1 . The Stokes-shifted radiation was filtered to pass only the desired third-Stokes light, which was subsequently injected into a cavity formed by two ringdown supermirrors ͑R ϳ 0.9998͒. The cavity output was focused onto a liquid N 2 -cooled InSb detector (Infrared Associates, D * ϳ 10 10 cm Hz 1/2 W −1 ) and the signal was amplified, digitized, averaged (40 ringdown traces per wavelength point), and fit to a first-order exponential decay. The optical transit time of our cavity divided by the decay constant determined from a single exponential fit of the detector signal gave the per-pass total cavity loss at that wavelength. Typical values for the per-pass loss of an empty cavity at the maximum reflectivity of our 3.3 m supermirrors were on the order of 140 ppm.
Absorption spectra of the R͑1,0͒ and the R͑1,1͒ u transitions of H 3 + near 2726 cm −1 were obtained under a variety of source conditions to monitor the rotational distribution. This "doublet" of lines serves as an effective probe of the rotational temperature (assuming the ortho and para spin modifications are thermalized), as it arises from the two lowest rotational levels, which differ in energy by only about 23 cm −1 . Typical spectra are shown in Fig. 2 , and display rotational temperatures similar to that seen in diffuse clouds [31] . Because we were not equipped to perform spectroscopy during the DR experiments in Stockholm, we obtained spectra in Berkeley over a wide range of parameters such as source-gas pressure and composition, pulse length, plasma discharge voltage, and the relative timing between the gas pulse and discharge pulse. In general, we found that the rotational temperature was not very sensitive to these parameters, staying between 20-60 K under a wide range of source conditions.
A small variation in the rotational temperature was observed as the dc discharge voltage was raised from the detection-threshold voltage. Figure 2 illustrates the spectral differences as the discharge voltage was increased from −500 V to −850 V. Little difference was found between the spectra, with only slight variations in temperature between 22 K and 37 K. Most of the CRYRING experiments were done using −800 V discharge voltage, which was well within the range of low temperature operation. The most significant difference in the spectra recorded at different discharge voltages was the number density of ions, which rose from ϳ2.6ϫ 10 10 cm −3 at −500 V to ϳ1.1ϫ 10 11 cm −3 at −760 V, and did not change much at higher voltages. These number densities represent higher ion currents than are needed for the storage ring experiments.
Other factors investigated, such as the dilution of H 2 in He, were found to reduce the number density of H 3 + without affecting the rotational temperature. Varying the source pressure (pure H 2 ) from 1 -5 atm had no noticeable effect on the rotational temperature. The cavity ringdown spectra obtained at the beginning, middle, and end of the discharge pulse were all similar, indicating that cold ions are produced along the entire temporal length of the discharge. Similarly, changing the position in time of the discharge pulse (ϳ100 s width) along the length of the gas pulse (ϳ400 s width) had no effect on the spectrum.
By translating the ion source with respect to the axis of the laser beam, we obtained cavity ringdown spectra at various chords through the (presumably) axially symmetric plasma. These measurements showed that the H 3 + rotational temperature was lowest in the middle of the plasma, and higher above or below the center of the pinhole. This suggests that the ions formed in the center of the expansion are colder than the ions formed further away (radially) from the expansion axis. Because the cavity ringdown spectroscopy samples both the central (very cold) ions and the surrounding (warmer) ions, it is likely that the temperatures we report ͑20-60 K͒ represent an upper limit to the temperature of the on-axis ions.
Throughout our source characterization, high rotational temperatures were only observed when using a deformed poppet that lacked the smooth conical tip usually used for pinhole molecular beam applications. In such cases the rotational temperature of the ions was observed to be Ͼ100 K. At these higher rotational temperatures, it was possible to observe the R͑2,2͒ l transition of H 3 + at 2762 cm −1 , which arises from the next-highest rotational level (see Fig. 3 ). When it was detectable, the intensity of the R͑2,2͒ l line was consistent with the rotational temperature determined from the doublet at 2726 cm −1 . At lower temperatures, the R͑2,2͒ l transition was below our detection limit, which limited the abundance of the (2,2) level to a maximum of about 10% of that of the (1,1) level, corresponding to a temperature of Ͻ50 K. The Teflon poppets used in our experiments were found to be subject to deformation and high temperature ion production after extended usage, due to the softness of the material. To check that the poppet had not deformed during the course of the DR measurements, we returned the source to Berkeley immediately after the storage ring experiments and obtained the spectra illustrated in Fig. 2 , confirming that the rotational temperature of the ions was very low. Subsequently, we discovered that poppets made from harder materials, such as Kel-F, will produce low temperature ions with much longer operational lifetimes, but that leakage is somewhat of a problem with these harder materials.
B. Ion injection and CRYRING configuration
The heavy-ion storage ring CRYRING at the Manne Siegbahn Laboratory in Stockholm, Sweden was used to measure the dissociative recombination rate of H 3 + ions produced at low rotational temperature with the Berkeley ion source. Detailed descriptions of the apparatus, theory, and the standard data analysis for dissociative recombination measurements are available [35] , so only a brief description will be given here.
The Berkeley ion source was floated at a potential of 30 kV. After extraction, the ions were mass selected by a dipole magnet. The mass selected ion beam was accelerated to 300 keV/ amu in a radiofrequency quadrupole (RFQ), and then injected into CRYRING, which is a roughly circular ion storage ring comprised of twelve dipole bending magnets, and thus, twelve straight sections, which combine to give a path length of approximately 51.6 m. An accelerator, beam diagnostic equipment, the electron cooler, and experiments occupy the straight sections around the ring. Once the beam is stored, the electron cooler is the most important component of the DR experiment. In this experiment, the ions were accelerated to 12.1 MeV immediately after injection into the ring.
The electron cooler supplies the nearly monoenergetic beam of electrons with which the ions react in the DR process. It consists of a 4 mm cathode electron gun housed in a superconducting solenoid, guiding solenoids, electron beam steering toroids, and an electron collector. Electrons are cooled from an initial isotropic energy spread of ϳ100 meV ͑1000 K͒ to a longitudinal spread of 0.1 meV ͑1 K͒ by acceleration in the electron beam direction. Transverse energy spread is then reduced by adiabatic expansion in the presence of a reducing magnetic field along the beam path, leading to a transverse energy spread of ϳ2 ± 0.5 meV ͑20± 5 K͒. An electron beam of 35.5 mA was used in the present experiment.
Toroidal magnets merge the electron beam collinearly with the ion beam along a straight section between dipole magnets. In the region where the ion and electron beams are overlapped, the ion beam is altered by the presence of the field of the electrons. One result is that a Coulomb attraction imposes a drag force on the ions. Through this interaction the velocity spread in the ion beam is reduced and the phase- Energy levels are plotted versus the quantum number G ϵ͉k − ᐉ͉, where k is the projection of J onto the molecular symmetry axis and ᐉ is the vibrational angular momentum associated with the 2 mode. Each level is labeled on the right as ͑J , G͒, with superscript u and l to indicate the upper and lower levels of doublets. A complete explanation of the notation and energy level structure of H 3 + can be found in [34] . The infrared transitions used are shown by upwardgoing thin arrows, and the allowed electron-impact excitation transitions are shown as thick arrows. The downward-going dashed arrows indicate the radiative relaxation pathways for the small fraction of ions produced in vibrationally excited (yet rotationally cold) states.
space volume of the ion beam decreases. Because this process effectively "cools" the ion beam's translational temperature, the apparatus is called the electron cooler. When the electron velocity is matched to the velocity of the ions, the interaction is at its greatest, and heat transfer from the ion beam to the electrons is at its maximum. Thus, when the electron cooler is operating with 0 eV relative energy between the electrons and ions, the beam is "cooling" most efficiently.
In addition to this cooling process, the ions can also undergo DR in the electron cooler, producing neutral fragments. These neutral fragments are not affected by the dipole bending magnets, and their velocity distribution is determined by the energetics of the fragmentation process. Generally the fragments travel with acceptably small divergence tangential to the ring, where they are detected using a surface barrier detector (SBD) that is sensitive to the total energy impinging upon it. Since all fragments from a single DR event arrive at the detector simultaneously (given the bandwidth of detection), the SBD acts as a counter for DR events. Care is taken to keep the ion current low enough not to saturate the SBD (count rate Ͻ20 kcps) when the beam is cooling and the recombination events are at their maximum.
In addition to DR in the electron cooler, the ions are also destroyed by collisions with residual gas molecules. Neutral particles from such collisions in the straight section hosting the electron cooler will impinge on the SBD and give rise to counts at 2/3 and 1/3 of the full beam energy, corresponding to one or two hydrogen atoms. The high beam energy makes production of three hydrogen atoms very unlikely since this would require electron capture of H 3 + ions from residual gas molecules, a process which has a very small cross section at MeV energies. Since collisions with residual gas molecules occur along the entire ring with a frequency directly proportional to the number of stored ions, a different straight section of the ring has a scintillation detector mounted in the 0°d irection after the dipole magnet, which provides a convenient beam intensity monitor.
C. CRYRING experimental scheme
The energy dependence of the DR cross section ͑͒ is given in terms of the average electron energy relative to that of the ions, denoted E d , where d stands for detuning. The detuning energy is related to the detuning velocity by E d = ͑m e /2͒v d 2 , where v d is the average velocity of the electrons with respect to the ions. The laboratory electron energy E e (in eV) is determined from the effective electron cooler cathode voltage U e (in V) by the relation eU e = E e . The effective cathode voltage is equal to the power supply output voltage compensated for the voltage drop across the electron gun cathode and the space charge potential created by the uniform distribution of electrons in the electron beam. The electric field within the electron beam is proportional to the distance from the center of the beam, but since the ion beam is translationally cooled, and hence has a diameter of less than 1 mm, the effective cathode voltage relevant to the center of the electron beam is used. The detuning energy is then given by
where E e-cool is the laboratory energy at which the electrons have the same velocity as the ions. Since the space charge correction cannot be calculated exactly because of the presence of slow, positively charged ions (H 2 + from electron impact ionization of background gas) in the electron beam, which to some extent offsets the electron space charge potential, the Schottky noise power spectrum of the circulating ion beam was measured and used to determine E e-cool . The Schottky noise is the ac component of the circulating beam, which arises from statistical fluctuations of the particle distribution. It can be picked up by probes near the beam and amplified by low-noise amplifiers. For the 12.1 MeV H 3 + beam, the Schottky frequency was determined to be 539730 Hz.
In order to determine the cross section as a function of E d , the electron energy (i.e., the electron cooler voltage) was ramped and the neutral particle count rates were recorded as a function of time during these ramps. The electron energy was ramped symmetrically around the cooling energy in order to facilitate the determination of the energy scale. The cooling energy is readily determined from the fact that the production of neutral particles has a maximum at this energy. Figure 4 shows the ramping schemes used in the experiment.
The rate coefficient ͑␣ DR ͒, which is the velocity-weighted cross section (averaged over the velocity distribution of the electrons in the cooler), for DR at a particular electron energy is calculated by [36] 
where N B is the background counts measured in the scintillation detector, R b is the destruction rate per ion and per unit time in the straight section containing the scintillation detector, C is the ring circumference, n e is the electron density, l ec is the length of the electron cooler, and N DR is the number of DR events measured with a surface barrier detector positioned after the electron cooler. Absolute values for the rate coefficients are possible because the R b term includes the total ion current
where q is the elementary charge, v i is the ion velocity and
is the count rate measured by the scintillation detector. The advantage with this procedure is that the ion current can be related to R b by an independent measurement where I i can be maximized without concern for the SBD, which is blocked during this measurement. The ion current was measured by a Bergoz Beam Charge Monitor with Continuous Averaging (BCM-CA) and an Integrating Current Transformer (ICT) [37] to give a calibration factor for the neutral particle scintillation detector. The circulating ion current was measured to be 310 nA.
Corrections for the toroidal regions of the electron cooler are then included. In these regions the ion and electron beams are not collinear, and the relative velocity between electrons and ions is greater than in the straight portion of the electron cooler. The straight section is 85 cm, and the distance between the toroidal magnets at each end of the cooler is 110 cm. The electron and ion beams are no longer collinear outside the 85 cm straight section, which implies that with increasing beam angle ͑x͒, the collision energy between ions and electrons increases rapidly. The correction procedure was based on the beam angle ͑x͒ as determined from magnetic field measurements. The correction to the rate coefficient is applied iteratively according to the procedure outlined by Lampert et al. [38] . Because the correction basically involves subtracting two large numbers from one other, it is very sensitively dependent on the exact conditions in the toroidal regions. The results in the 0.5-5 eV region should be regarded as upper limits.
The friction (or drag force) exerted by the electrons on the ion beam is able to change the ion beam velocity. When applying a voltage ramp on the electron cooler, the friction can introduce uncertainties in the energy scale for collision energies smaller than about 1 meV. The details of this correction have been given by De Witt et al. [39] .
The very accurate new transformer used for ion current measurements reduces the error in the determination of R b to 3%. The largest errors are the uncertainty in the length of the interaction region (6%) and the combined statistical error in the measurements using the scintillation and surface barrier detectors (6%). The error in the determination of the electron density n e is estimated to be 3.5%, which leads to an error of 10% in the measured rate coefficient as given in Eq. (2). Figure 5 gives the dissociative recombination rate coefficient as a function of electron energy for both rotationally cold H 3 + and rotationally warm H 3 + . The cold ion spectrum was taken with the Berkeley supersonic jet ion source and corresponds to ions produced at a rotational temperature of ϳ30 K as determined by subsequent infrared absorption measurements. The hot ion spectrum was taken with the JIMIS hollow cathode source [28] , and should have a rotational temperature of greater than 300 K, although it is difficult to say how much hotter it would be. Hot sources like the MINIS heated filament source, which have ion temperatures greater than 1000 K, produce DR spectra that are much smoother in the region from 0 -0.3 eV than is observed in Fig. 5 . Under particular conditions, a hint of the structure in this region appeared when using the JIMIS source [28] . For detuning energies E d large compared with the electron energy spread (about 2 meV), we can determine the cross section from the measured rate coefficient ␣ DR [from Eq. (2)] using the relation
III. RESULTS
A. Dissociative recombination cross section
where v d is the detuning velocity of the electrons with respect to the ions. For detuning energies lower than a few meV, the approximation used in Eq. (4) is no longer useful, and the electron-velocity distribution must be taken into ac-
Ramping schemes used for DR measurements. Ramp (a), shown by a dotted line, spans detuning energies from 0 to 20 eV. Ramp (b) covers detuning energies from +1 to −1 eV. In ramp (c), the ion beam was heated for 1.5 s by exposing it to electrons just above the threshold for the ͑3,0͒ ← ͑1,0͒ transition, before making DR measurements at detuning energies from +1 to −1 eV. In ramp (d), low energy DR measurements were performed without exposing the ion beam to electrons above the ͑2,1͒ ← ͑1,1͒ threshold (for t Ͻ 6 s) or the ͑3,0͒ ← ͑1,0͒ threshold (for t Ͻ 6 s), as discussed in Sec. IV B. Ramps (b)-(d) have been offset vertically for clarity, and ramps (c) and (d) have been vertically expanded to show detail. In all experiments, the ion beam was stored for at least four seconds (t = 0 corresponds to injection into the ring).
FIG. 5. Measured dissociative recombination rate as a function of detuning energy. The curve with dots is the data obtained in this work using the Berkeley supersonic expansion ion source. For comparison, the curve without dots is from a run using the JIMIS hollow cathode source, as reported in [28] .
count. The cross section can then be unfolded, using a numerical Fourier transform technique, from the exact relationship between rate coefficient and cross section
where v ជ is the relative velocity vector between an electron and an ion, v is the magnitude of this velocity vector, and the function f͑v d , v ជ͒ is the electron velocity distribution [40] . The experimentally determined cross section does not follow a 1/E n dependence until below 0.1 meV, which makes it difficult to determine n with confidence because of the very few data points at these low energies. Our best estimate is that the cross section below about 0.1 meV can be described by the expression ͑E͒ = 3.1ϫ 10 −15 / E 0.76 cm 3 s −1 , where E is in eV. The uncertainty in the transverse electron energy spread translates to a 25% uncertainty in the prefactor in this expression.
B. Thermal rate coefficient
For comparison to interstellar (as well as laboratory) DR processes, the quantity of interest is not exactly the DR rate at a specific electron energy, but the DR rate in the presence of a Maxwellian distribution of electron energies corresponding to the specified temperature (translational temperature of the interstellar medium). This can be calculated from the energy dependence of the cross section integrated over the electron distribution. The thermal rate coefficient, ␣͑T e ͒, is given by ␣͑T e ͒ = 8m e ͑2m e kT e ͒ 3/2 ͵ ͑E͒Ee
For the data collected using the Berkeley cold-ion source, the temperature dependence of the thermal rate coefficient is given in Fig. 6 which provides an analytical expression that agrees very well with the data. The thermal rate coefficient was calculated using the low energy relationship ͑E d ͒ = 3.1ϫ 10 −15 / E d 0.76 cm 2 to extrapolate the cross section to 10 −8 eV, which was used as the lower integration limit in Eq. (6) . Adopting the theoretically expected 1 / E dependence below 10 −4 eV would lead to a substantial difference in the cross section, however, the thermal rate coefficient is virtually unaffected by this procedure (except for electron temperatures below 10 K). The uncertainty in the transverse electron energy spread introduces an uncertainty in the thermal rate coefficient of ϳ6% at 30 K and ϳ2% at 300 K.
C. Branching fractions
The branching fractions of the two possible break-up channels, H+H+H and H+H 2 , were also investigated for the vibrationally and rotationally cold H 3 + ions in the storage ring. The response of the SBD is not fast enough to distinguish between the product fragments from a given DR event, and thus all fragmented molecules are detected at the full beam energy. To study the branching fractions, a grid with known transmission T = 0.297 [41] was placed in front of the SBD, and events were detected also at 1/3 and 2/3 of the full beam energy, corresponding to one and two hydrogen atoms. Together with the grid transmission T, the contribution to the three different peaks corresponding to the full beam energy and 2/3 and 1/3 of the full beam energy depends on the branching ratio between the two fragmentation channels H +H+H͑N ␣ ͒ and H + H 2 ͑N ␤ ͒, and this branching ratio was obtained by solving the system of linear equations
where N 3H , N 2H , and N H are the number of events detected at full beam energy, 2/3 of the beam energy, and 1/3 of the beam energy. This method is explained in more detail elsewhere [41] . Two separate measurements of the number of particles as a function of energy were performed with the grid in front of the SBD, one at a detuning energy of 0 eV and one at a detuning energy of 1.5 eV. The signal measured at 1.5 eV mainly originates from collisions with residual gas molecules, and represents the background contaminating the DR signal. The signal from the scintillation detector, which monitors the beam intensity, was collected during both measurements and was used to scale the contribution of the background signal to the spectrum taken at 0 eV detuning energy. The background signal was subtracted before the contributions to the three separate energies were determined and the branching fractions calculated.
The resulting branching fractions were N ␣ = 64± 5% for the three body breakup and N ␤ = 36± 5% for the two body break-up, where the error bars include the uncertainty in the grid transmission T as well as the statistical errors. This result differs slightly from the earlier measurements of Datz et al. [42] , who measured the branching fractions as a function of detuning energy and found (at low energies) N ␣ = 75% and N ␤ = 25%. The latter experiment was performed with rotationally hot ions, so the discrepancy with the present experiment might be due to the difference in the average internal energy of the ions.
IV. DISCUSSION
A. Comparison with theory
For most ions, the dominant recombination mechanism is direct capture of an electron into a dissociative excited state of the neutral molecule, referred to as direct DR. The indirect mechanism involves a capture of the electron to a vibrationally excited Rydberg state, followed by predissociation of the Rydberg state by the same dissociative excited state that is involved in the direct mechanism. Theoretical values for the direct DR cross section determined by a timedependent wave packet calculation agree very well with the observed DR cross sections at high electron energies ͑5-12 eV͒ for both H 3 + and D 3 + [43] . However, H 3 + -along with D 3 + , He 2 + , and HeH + -is unusual in that, at low electron energies, direct DR processes do not significantly contribute to the recombination rate [44] . Consequently, for many years theoretical work [45] had supported very small recombination cross-sections owing to an absence of a suitable curve crossing between the H 3 + electronic state in its ground vibrational level, and any energy level of neutral H 3 .
This situation is illustrated in Fig. 7 , which was adapted from Michels and Hobbs [45] and shows the energy levels corresponding to ground state ͑ 1 A 1 ͒H 3 + , and the ground and excited states of neutral H 3 . Various energy levels between the ground and excited states of H 3 have been omitted because they do not have curves that cross that of the H 3 + state at reasonable energies. It can be seen that H 3 + states with several quanta of vibrational excitation ͑v ജ 3͒ should have significantly better vibrational wavefunction overlap than those states with energies below the curve crossing. Owing to the difference in overlap at different vibrational levels, it had been suggested [14] that an abundance of vibrationally hot H 3 + ions in the early DR measurements could reconcile the large observed recombination cross sections with the low values predicted by the direct DR mechanism.
In 1994, a new mechanism was proposed for such ions that lack a curve-crossing [46] , and it was shown for HeH + that the indirect process dominates over the direct process. The success in explaining the DR of HeH + gave hope that a similar mechanism would drive the DR of H 3 + . When indirect DR mechanisms were accounted for by using a combined time-dependent wave packet multichannel quantum defect theory (MQDT) in two dimensions, the predicted cross section for H 3 + DR increased by two orders of magnitude on average across the electron energy range 0 -1 eV [44] . While this represented a significant step in the right direction, the theoretical predictions were still some three orders of magnitude lower than storage ring experiments.
In 2001, Kokoouline, Greene, and Esry [47] began a new theoretical treatment by developing a methodology to treat DR of H 3 + in a full three-dimensional framework via MQDT and include Jahn-Teller distortion of the ion due to the field of the incoming electron. Their preliminary calculations did not include the branching ratios of predissociation and autoionization of the Rydberg state intermediates, and therefore provided upper and lower bounds to the H 3 + DR rate, 3.4 ϫ 10 −10 cm 3 s −1 Ͻ ␣ DR ͑300 K͒ Ͻ 1.2ϫ 10 −8 cm 3 s −1 . The lower limit assumes that an electron captured into a Rydberg state always autoionizes back to the continuum, whereas the upper limit is obtained when autoionization does not occur and the Rydberg state is always predissociated. This represented the first time that DR calculations were within even an order of magnitude of storage ring measurements.
Around the time of the present experiments, Kokoouline and Greene [48, 49] extended their calculations to a complete calculation of the DR rate for each individual rotational state. They also discovered that their earlier calculations were too low by a factor of 2 , owing to a "previously unrecognized inconsistency" in two different K-matrix conventions. Their calculations show significant structure in the low energy region ͑Ͻ1 eV͒ and a strong dependence of the magnitude of this structure on the rotational temperature, as is observed experimentally. Qualitatively, the observed structure is due to resonances where the energy of the electron nears the energy difference between the free ion and the neutral H 3 
, is shown as a function of the distance between the H 2 subunit (with r e = 1.65a 0 = 0.873 Å for H 3 + ) and H, for a C 2v symmetry structure. H 3 states that do not cross the H 3 + surface are omitted, with the exception of the dissociative ground state. The energy levels of possible products are shown on the right. the rotational state of the ion, a distribution of ions over many rotational states serves to "wash out" the overall structure because each rotational state has different resonances. Hence, our observation of structure in the DR rate represents additional evidence that the ions used in the present experiment were rotationally colder than those used in previous storage ring experiments. Figure 8 shows a comparison of the measured energy dependence of the DR rate coefficient as given in Eq. (2) with the theoretical results of Kokoouline and Greene [49] for a low rotational temperature ͑40 K͒. The theoretical cross section shown in the figure [provided by Kokoouline and Greene (private communication)] was folded with an electron energy distribution, f͑v d , v ជ͒, according to Eq. (5), using a 2 meV transverse spread and a 0.1 meV longitudinal spread (i.e., the same conditions as the CRYRING experiment). Experimentally, the observed structure is less pronounced than that predicted by theory, which Kokoouline and Greene [49] suggest may be due to a small population of rotationally excited ions in the CRYRING experiment. But also for an ion such as HD + , which has a dipole moment that drives the rotational population in a storage ring towards 300 K, theory predicts more pronounced resonances than actually measured [50] . It is interesting to note that theory and experiment agree better for H 3 + than for HD + in the region below 20 meV.
As expected, in both the experimental case (see Fig. 5 ) and the theoretical case [49] , the cross-section curve shows less structure at higher temperature than at lower temperature. At very low energies, the theoretical cross section [51] varies as 1 / E, which is expected from the Wigner threshold law [52, 53] . The difference between the experimentally measured dependence on E and the theoretically predicted one is probably due to the difficulty in accurately measuring the cross section at very low energies. However, this difficulty has only minor impact on the derived thermal rate coefficients for reasonable temperatures, as the population of electrons at such low energies is small. For example, the difference between 1 / E and 1 / E 0.76 extrapolations at low energy yields a difference in the derived thermal rate coefficient of only about 4% at 40 K and about 1% at 300 K.
Greene and Kokoouline [54] have made a comparison of their theoretical calculations and our experimental results in the "valley" region between 0.5-5 eV, where the toroidal correction described in Sec. II C must be applied to the experimental data. However, with the theoretical cross section available, Greene and Kokoouline were able to simulate the effect of the toroidal region on the measured rate, and then to compare this result with the experimental rate. The agreement was excellent, and this method avoids the difficulties of taking the difference of two large quantities, as discussed in Sec. II C.
For an electron distribution at 23 K and an ion rotational temperature of 40 K, Kokoouline and Greene calculate a value of ␣ MQDT ͑23 K͒ = 2.2ϫ 10 −7 cm 3 s −1 , which compares very favorably to the value determined from storage ring measurements using rotationally cold H 3 + ions, ␣ CRYRING ͑23 K͒ = 2.6ϫ 10 −7 cm 3 s −1 . This remarkable agreement between theory and experiment (recall that only three years ago the discrepancy was three orders of magnitude) instills some degree of confidence in the applicability of the present experiment to the interstellar medium. Comparison with theoretical calculations is essential in this regard, because of the unavoidable differences between the conditions in the storage ring (magnetic field B ϳ 300 G and electron number density n e ϳ 10 7 cm −3 ) and those of the diffuse interstellar medium (B ϳ G, n e ϳ 10 −2 cm −3 ). One additional piece of evidence supporting the convergence of theory and experiment is the recent prediction of the DR rate for D 3 + by Kokoouline and Greene [49] , which agrees with previous CRYRING experiments [55] . This means that there is agreement between the CRYRING experiments and theory concerning the isotope influence on the DR process.
B. Vibrational and rotational distribution of ions
Supersonic expansion sources generally provide better cooling of rotational energy than of vibrational energy, because of the greater efficiency of rotational-translational energy transfer relative to vibrational-translational transfer. In the presence of a discharge, one might expect the vibrational temperature of ions to be quite a bit higher than the rotational temperature, leading to the production of a small (but nonnegligible) population of vibrationally excited ions. This effect may, however, be mitigated to some extent by the high number density in the expansion and the large cross-section of ion-neutral collisions; for example, in Jupiter's ionosphere, H 3 + is observed to have similar rotational and vibrational temperatures [56] .
Nevertheless, we cannot rule out the possibility that our source produces some vibrationally excited ions. At reasonable vibrational temperatures, we may expect a small initial population in the v 1 =1 (symmetric stretching mode) and v 2 =1 (degenerate bending/stretching mode) states. The v 2 =1 ions will relax to the vibrational ground state by spontaneous emission, on a timescale of several milliseconds ( Einstein   FIG. 8 . Comparison between the measured dissociative recombination cross section (curve with dots, obtained using the Berkeley source), and theoretical calculations (grey curve) by Kokoouline and Greene [49] . See text for details.
coefficient A = 128.8 s −1 ). Although the 1 mode is infrared inactive, and therefore relaxation from v 1 =1→ 0 is forbidden, the transition 1 → 2 is allowed, although weak (and the v 2 = 1 ions can then quickly relax to the ground state). Dinelli et al. [57, 58] have calculated the relaxation time of = 1.2 s for this process, and this relaxation pathway (and its timescale) have been experimentally verified by storage ring measurements at the Test Storage Ring [26] . Thus, we can conclude that all of the H 3 + ions will relax into the vibrational ground state within a few seconds (all of our measurements were conducted after at least 4 seconds of storage).
Rotational cooling (or heating) in the storage ring by spontaneous emission (or absorption of blackbody photons) will not be important on the timescales of the experiment, because of the lack of a permanent dipole moment in the equilateral triangle-shaped H 3 + . A small dipole is, in fact, introduced by centrifugal distortion, but such "forbidden" rotational transitions are still very slow; for example, the lowest excited rotational level, (2, 2), radiatively relaxes to the (1,1) state with a lifetime of ϳ27.2 days, given the Einstein coefficient given in Table 7 of Lindsay and McCall [34] . Hence, we expect that the rotational distribution produced by the ion source will remain unchanged throughout the experiment, unless changed by other mechanisms. Conceivable mechanisms include (1) relaxation of vibrationally excited ions, (2) heating during ion extraction from the source, (3) electron-impact excitation in the electron cooler, either in the straight section or in the toroidal regions. Because our conclusions depend on the assumption that the DR measurements were performed on rotationally cold ions, we examine each of these potential heating mechanisms in detail.
Relaxation of vibrationally excited ions
The "vibrational cascade" of vibrationally excited ions can lead to the production of rotationally excited ions in the vibrational ground state; however, this effect should be small. Because of the efficiency of rotational cooling in the supersonic expansion, even the vibrationally excited ions should be rotationally cold. The v 2 = 1 ions will be primarily in the ͑J , G͒ = ͑0,1͒ level, which can only decay to (1,1) in the vibrational ground state because of the selection rules, and in the (1,2) level, which can only decay into (2,2). The v 1 = 1 ions will be in both the (1,0) and (1,1) levels. The v 1 =1 (1,0) level can decay to (1,0) or (2,0) in v 2 = 1, which will then decay into (1,0) and (1,0) or (3,0) in the ground state. The v 1 =1 (1,1) level can decay to (2,1), (1,1), or (0,1) in v 2 = 1, which will decay into (3,1), (2,1), and (1,1) in the ground state. Thus, the vibrationally excited ions can contribute somewhat to rotational excitation, but we expect this to be a minor effect (for T vib = 1000 K, only Ͻ1% of ions would be in v 1 = 1, and Ͻ3% of ions would be in v 2 =1).
Extraction from source
Another possible heating source is during the interaction of the expansion with the skimmer, or during the extraction of the ions from the expansion. It is very difficult to quantitatively estimate the magnitude of such an effect, but we do not expect it to be a problem in our setup. However, before installing the skimmer we performed a set of DR measurements. In this skimmer-less configuration, we observed a great deal of arcing between the ion source and the first extraction optic on the endstation (between which there is a 30 kV potential drop); this problem is what led us to the use of a skimmer. Nevertheless, we were able to obtain some cross-section data (at a much lower signal to noise ratio). Qualitatively, we did not observe a significant difference between the experiments with and without the skimmer. However, when the backing pressure of the ion source was too low, and hence the cooling of the supersonic expansion inefficient, we did observe a qualitative change in the cross section. Without the skimmer in place, the ions experience the field of the 30 kV potential drop as soon as they are created; with the (grounded) skimmer in place, the ions are shielded from the 30 kV potential and experience only the ϳ−800 V from the discharge electrode. It seems unlikely that both of these (very different) configurations could lead to the same degree of rotational excitation, which would argue that heating during the extraction is not significant. However, this heating source cannot be definitively ruled out without performing spectroscopy on the ions after the skimmer. However, due to the much lower number densities following the skimmer, this would require significantly more sensitive spectroscopic techniques than those employed here.
Excitation in the electron cooler
During the course of the ramping of the cathode voltage in the electron cooler (to measure the DR cross section), the stored H 3 + ions will interact with electrons of various relative energies, which could induce rotational excitation by electron impact. For the lowest rotational levels in question, there are only three electron impact induced transitions that have reasonable cross sections, namely ͑3,0͒ ← ͑1,0͒, ͑2,1͒ ← ͑1,1͒, and ͑3,1͒ ← ͑1,1͒. The cross sections for these transitions, as a function of electron impact energy, have recently been calculated by Faure and Tennyson [59] . By integrating these cross sections across the electron impact energies experienced during a 1.5 second ramping of the cathode voltage from detuning energies of 1 to 0 eV [as in the case of Fig. 4(b) ], and considering the known number density of electrons in the electron cooler ͑6.3ϫ 10 6 cm −3 ͒, we estimate that the probability for electron impact excitation of ͑2,1͒ ← ͑1,1͒ is approximately 2.2%, and that for ͑3,0͒ ← ͑1,0͒ is approximately 2.0%. To experimentally determine the effect of this heating on the measured DR cross section, we also performed DR measurements using ramps that only included energies below 20 meV and below 50 meV [see Fig. 4(d) ] in order to stay below the thresholds of the ͑2,1͒ ← ͑1,1͒ and ͑3,0͒ ← ͑1,0͒ transitions, respectively. The DR cross sections measured in these experiments overlapped with the cross sections measured using the full ramp, which implies that this heating is not affecting our results. As an additional test, we performed an experiment where the electron cooler was held at 64 meV [just above the ͑3,0͒ ← ͑1,0͒ threshold] for 1.5 seconds, and then the DR cross section was measured. Under these conditions, given the electron impact cross sections of Faure and Tennyson, we would expect approximately 4.5% of the (1,1) ions to be-come excited to (2,1), and 2.4% of the (1,0) ions to be excited to (3,0) ; again, we saw no change in the measured DR cross section.
We also performed branching fraction measurements (as described in Sec. III C) following 1 second of "heating" at 60 mV detuning energy. This measurement yielded N ␣ = 66± 5% and N ␤ = 34± 5%, only slightly different from the result without "heating," and identical within the uncertainties. This may constitute additional evidence that the ions are not efficiently heated in the electron cooler, as the experiments of Datz et al. [42] found N ␣ = 75% for rotationally hot ions.
Electron impact excitation may also occur in the toroidal regions of the electron cooler, where the H 3 + ions are constantly exposed to high energy electrons, even when the cathode voltage is set for maximum cooling. Combining the known electron energy as a function of position in the electron cooler and the electron impact cross sections from Faure and Tennyson, we estimate that the probability of ͑3,0͒ ← ͑1,0͒ excitation is 0.16% and that of ͑2,1͒ ← ͑1,1͒ excitation is 0.17% per second of beam circulation. In a typical experiment where the beam is stored for a total of 8 seconds, we would then expect only ϳ1.3% of the ions to be rotationally excited by this mechanism. Some of this excitation may be offset by deexcitation in the straight section of the electron cooler when the cathode voltage is set for maximum cooling, but we have not attempted to estimate the magnitude of this mitigating effect.
V. CONCLUSIONS
Dissociative recombination rate measurements for a rotationally cold distribution of H 3 + have been performed using the CRYRING ion storage ring at the Manne Siegbahn Laboratory at Stockholm University, Sweden. The supersonic expansion ion source was designed, built, and spectroscopically characterized at the University of California at Berkeley. The source design incorporated a ring-electrode dc discharge plasma and a pinhole, pulsed supersonic jet to maximize ion production while minimizing the temperature. Stable plasma conditions and high backing pressures of pure H 2 gas produced rotational state distributions that corresponded to rotational temperatures of ϳ30 K-nearly the same as the rotational state distribution observed in the diffuse interstellar cloud along the sightline towards the star Persei ͑23 K͒. The populations of the two lowest allowed rotational quantum states were monitored as a function of source conditions by recording the absorption spectrum of the R͑1,0͒ and R͑1,1͒ u transitions at 2725.9 cm −1 and 2726.2 cm −1 , respectively, and it was found that the ion source produced rotationally cold ͑ϳ20-60 K͒ ions over a wide range of operating conditions.
The DR rate measured in these experiments (the first measurements of rotationally cold H 3 + ions) is very similar to the theoretical predictions of Kokoouline and Greene. The low temperature of the ions resulted in the most distinct structure in the DR rate measured yet (see Fig. 5 ). While the magnitude of the resonances in the DR rate as a function of electron energy was less than that predicted by Kokoouline and Greene, the calculated and observed energy dependence both had qualitatively similar structure. As the H 3 + ions used in the present experiment have a lower rotational temperature than those in previous experiments, our thermal DR rate coefficient represents the best available value for use in the modeling of the diffuse interstellar medium.
